Introduction
RNA editing describes the alteration of an RNA's informational capacity other than by splicing, 5'-and 3'-end formation, and the creation of hypermodified bases, it can be divided into insertion or deletion editing, in which the RNA is cleaved and bases added or removed (see Simpson and Thiemann, 1995 [this issue of Cell]), and substitution or modification editing, in which the RNA is not cleaved (this minireview). Substitution editing is not a single process; rather, it is a series of distinct and probably separately derived traits (Table 1) . With the establishment of systems in vitro for RNA editing, it has become possible to dissect the processes involved and to trace their evolutionary relationships. Surprisingly, some of these arcane processes are related, albeit distantly.
C to U and U to C Editing of RNA Expressed in the Nucleus
The tissue-specific editing of apolipoprotein B (apoB) mRNA in mammals is an early posttranscriptional event that converts a glutamine (CAA) to stop codon (UAA) (Navaratnam et al., 1995) . This generates apoB48 (241 kDa), which is required for dietary lipid absorbtion. Full-length apoB100 (512 kDa) is made in the liver and transports endogenously synthesized cholesterol and triglyceride in the circulation.
The establishment of a system in vitro for apoB mRNA editing has allowed the catalytic subunit of the editing enzyme to be identified (Navaratnam et al., 1995; . It is a cytidine deaminase with homology to the Escherichia coil enzyme ( Figure 1) ; designated APOBECI (forapoB mRNA editing cytidine deaminase I; Navaratnam et al., 1993) . E. coil cytidine deaminase has two core domains of similar tertiary structure (Betts et al., 1994) . One contains the active site with zinc at its center. The other forms a lid covering the active site cleft. In APOBECI the tertiary structure of the catalytic domain and mechanism of catalysis are conserved (Driscoll and Zhang, 1994; Yamanaka et al., 1994; Navaratnam et al., 1995) . The enzyme has uniquely acquired the capacity to bind to AU-rich RNA through residues involved in zinc coordination, proton transfer, and the formation of the al~a structure that encompasses the active site (Navaratnam et al., 1995) . The domain that forms the lid is absent. Interaction with an AU-rich sequence downstream of the edited C is crucial for editing.
The target for the apoB mRNA editing enzyme is in a 22 nt sequence with 4 nt upstream of the edited C and a core downstream sequence (5'-UGAUCAG UAUA-3', +5 to +15) in which most alterations reduce or abolish editing (Navaratnam et al., 1995) . Downstream and overlapping with this sequence is the AU-rich binding site (5'-UAUAU U-3', +12 to +17) for APOBECI. As APOBECI forms a homodimer, it is plausible that one subunit of the dimer binds the AU-rich sequence and positions the other for editing the C at a fixed distance upstream (Lau et al., 1994) .
APOBECI alone is not competent for editing. APOBECI requires other proteins, widely produced in cells that neither make APOBECI nor apoB mRNA Driscoll and Zhang, 1994; Yamanaka et al., 1994; Navaratnam et al., 1995) , to provide its RNA binding specificity. Although ultraviolet cross-linking has identified proteins of around 43 and 60 kDa that interact specifically with key nucleotides immediately downstream of the editing site (5'-UGAU-3', +5 to +8), the importance of these proteins in RNA recognition and as part of a larger editosomal complex (27S; 1400 kDa) that assembles at the editing site is uncertain (Navaratnam et al., 1995; Harris et al., 1993) . APOBECI is expressed in the testes, ovary, and spleen, which do not make apoB, and editing activity is present in these tissues Driscoll and Zhang, 1994; Yamanaka et al., 1994; Navaratnam et al., 1995) . apoB mRNA editing is unlikely therefore to be unique.
Other targets for the enzyme most probably exist. Navaratnam et al. (1995) with data from Kim et al. (1994) and O'Connell et al. (1995) .
Other examples of C to U and U to C editing of nuclear transcripts are less well worked out than apoB mRNA editing, but appear to be distinct. The Wilms tumor susceptibility (WT1) mRNA undergoes the U to C editing with the substitution of Leu-280 (CUC) with proline (CCC) (Sharma et al., 1994) . This suppresses the inhibitory action of WT1 on the early growth response 1 promoter and may have a role in development and tumorigenesis. The rat major cytoplasmic tRNA for aspartate undergoes C to U and U to C conversion of the two nucleotides adjacent to the anticodon loop to generate the major tRNA species (Beier et al., 1992) . C to U and U to C Editing of RNA in the Mitochondria and Chloroplasts of Plants C to U editing of RNA from mitochondria and chloroplasts is extensive in vascular plants (Figure 2) (Hiesel et al., 1994; Hoch et al., 1991; Covello and Gray, 1993) . U to C RNA editing also occurs and is common in the mitochondria of pteridophytes (ferns) (Hiesel et al., 1994) . RNA editing is not found in bryophytes (mosses and liverworts) or chlorophytes (green algae), mRNA editing corrects multiple genomically encoded missense codons that deviate from the universal genetic code, including translation initiation and termination codons, and allows functional protein synthesis. 5' and 3' noncoding regions, introns, tRNA, and rRNA also undergo editing.
No common denominator for editing site recognition has been identified. However, in tRNAs and certain introns, editing is found only in base pairing stems, where it corrects secondary structures. These editing sites are identifled by mismatches with the other pairing strand (Schuster and Brennicke, 1994) . This is reminiscent of editing site recognition in kinetoplastid protozoa, in which editing sites are identified by complementary guide RNAs. Such templates have not been found in plants. However, editing can occur in translation and hence protein synthesis-deficient mutant chloroplasts so that the proteins required for editing must come from the nucleus (Zeltz et al., 1993) . The source of editing site templates remains an important issue.
Although the catalytic mechanism of C to U conversion has not been established in plants, hydrolytic deamination similar to apoB mRNA editing seems most plausible. Alternative mechanisms would be transglycosylation, transamination, or hypermodification of C to produce a base such as lysidine that is read as a U. U to C conversion is less straight forward. Ketones are not good leaving groups. However, this reaction could be catalyzed by CTP synthase in an ATP-requiring reaction or by transamination, using pyridoxal phosphate as a cofactor and glutamate as an N H2 donor. The establishment of plant mitochondrial extracts that faithfully edit RNA in vitro should facilitate the biochemical characterization of this process.
C to U RNA editing has also been described in tRNA in marsupial mitochondria and involves C to U editing of the anticodon, which converts it from a tRNA for glycine to aspartate (Janke and Paabo, 1993) .
Other forms of RNA editing occur in mitochondria. In Acanthamoeba castellani and the related fungus Spizellomyces punctatus, tRNAs undergo single nucleotide con- versions (U to A, U to G, A to G) in the anticodon, which correct mismatched base pairs to those found in normal tRNA (Gray, 1993) . This editing must involve base exchanges rather than modification. A to I Editing of RNA in the Nucleus AMPA receptors are the class of cation specific channel that mediate the majority of fast excitatory neurotransmission at central synapses (Melcher et al., 1995) . AMPA receptors are generated from four subunits (GluR-A, GluR-B, GluR-C, and GluR-D). GluR-B pre-mRNA is edited from a glutamine (CAG) to an arginine codon (CGG). This socalled Q/R site editing occurs in a channel-forming domain and markedly reduces the calcium permeability of the channel. It is highly efficient so that AMPA receptors generally have low permeability. Q/R site editing is also found in related kainate receptors. The Q/R site editing occurs before splicing on double-stranded RNA (dsRNA) formed from complementary intron and exon sequences. A second RNA editing affects the kinetic properties of the AMPA receptors (Lomeli et al., 1995) . In GluR-B, GluR-C, and GluR-D subunits, intron elements determine an arginine (AGA) to glycine (GGA) (RIG site editing). The GluR-A gene lacks the intron necessary for editing. Edited channels recover much faster from desensitization and may integrate better all incoming signals. Editing in vitro of AMPA receptor pre-mRNA has established it as a hydrolytic deamination of A to I (Melcher et al., 1995; Rueter et al., 1995; Yang et al., 1995) . Inosine is read as a G by reverse transcriptase and presumably the translation apparatus. This activity is similar to dsRNA adenosine deaminase (dsRAD or DRADA). dsRAD/ DRADA is found in all higher eukaryotic cells, dsRAD/ DRADA has a 5' neighbor preference for A and U, but no 3' neighbor preference (Poison and Bass, 1994) . It selectively modifies the minimal number of A's near to the strand termini of short dsRNAs, perhaps suggesting a mechanism whereby RNA sequence and structure alone might confer specificity. More generally, dsRAD/DRADA unwinds dsRNA and may provide protection against viral dsRNA. The measles, AIDS, and hepatitis deltavirus have all been identified as possible targets for the enzyme.
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dsRAD/DRADA has three dsRNA-binding domains, which interact with the continuous double helix of dsRNA (O'Connell et al., 1995; Kim et al., 1994) . The major groove of the dsRNA is inaccessible to amino acid side chains. Therefore, how does the enzyme access A for-deamination? One possible mechanism is for the dsRNA-binding domains to melt the RNA duplex. Another mechanism suggested to be energetically feasible by consideration of the crystal structure of Hhal DNA methyl transferase would be to twist out the A to be modified.
Adenosine and cytidine deaminases both contain an active site zinc coordinated by histidine and cystine, as well as a glutamate involved in proton transfer, dsRAD/DRADA is inhibited by zinc chelation. Distal to the RNA-binding domains is a catalytic motif, similar to that found in the cytidine deaminases rather than adenosine deaminases (see Figure 1) .
Despite similar biochemical properties, separation studies indicate that the AMPA receptor editing and dsRAD/ DRADA activities are distinct (Yang et al., 1995) . The AMPA receptor editing enzyme may contain either the dsRAD/DRADA or a similar activity and an RNA recognition component that conveys specificity.
Origins and Evolution of Substitutional

RNA Editing
The comparative study of genomic DNA and cDNA sequences and the ultrastructure of plant organelles has established much about their origins and evolution and about RNA editing. The evolution of the eukaryotic cell was conspicuous for at least two distinct primary endosymbiotic events (Gray, 1993) . Mitochondria had their origin in the a subdivision of purple bacteria (Proteobacteria) and plastids in the cyanobacteria (blue/green algae). In the process of endosymbiotic-to-organelle transformation, massive transfer of proto-organelle genes to the nucleus must have taken place. This must have involved the transfer and reverse transcription of RNA intermediates and direct DNA transfer as well as reciprocal transfer of proteins back to organelles. Gene transfer has also occurred between organelles.
The origin of RNA editing in plants can be traced to before early plant radiation after the split of bryophytes and before the separation of ferns (Figure 2) . Alternatively, there may have been an evolutionary tendency to lose editing in bryophytes and some ferns, where only one site has been found. At issue is whether editing was present in the bacterial progenitors of mitochondria and chloroplasts or arose de novo in the organelles of early land plants in an environment favorable to the development of editing. The bacteria-first hypothesis implies that the progenitors of ~-proteobacteria and cyanobacteria, the nearest extant relatives of these organelles, were also capable of RNA editing. This has not been found. Perhaps editing was present in a bacterial progenitor and lost from this forbearer after mitochondria and chloroplasts became symbiotic with the eukaryotic cell and was later also lost from primitive plants.
RNA editing in plant organelles seems unlikely to be related to the C to U or U to C editing of nuclear transcripts in mammals. However, if RNA editing were traced to bacteria, this prejudice might need to be modified. Most plausibly, C to U editing in plants is a cytidine deamination. The catalytic component of the apoB mRNA editing enzyme is closely related to bacterial cytidine deaminase. While it is probable that APOBECI arose after transfer of cytidine deaminase from the early endosymbiotic precursor of mitochondria to the nucleus, direct transfer of an editing deaminase cannot be completely dismissed. Study of the domain structure and intron/exon organization of this deaminase enzyme family, as well as characterization of a putative plant nuclear cytidine deaminase that is transferred to organelles for C to U editing, should help resolve this issue.
An important step in the acquisition of RNA editing by the apoB mRNA editing enzyme was the evolution of polymeric substrate binding by an enzyme that previously acted on monomeric substrate (Navaratnam et al., 1995) . The acquisition of this property is in strong support of the proposal of Hentz (1994) , who identified the binding of mono-or dinucleotide substrate or cofactors as the common denominator in the evolution of enzymes that bind RNA, such as the iron response-binding protein, aconitase, and thymidylate synthase. If the acquisition of RNA binding and this form of editing is a late evolutionary event rather than a much earlier one in bacteria, then it is important to know whether it is unique to mammalian apoB mRNA or arose earlier and had other targets before it spread to apoB. ApoB48 is not produced in avians or amphibians, and it remains an issue as to time of origin and significance of this form of editing to other biological systems.
The best candidate for the enzyme responsible for editing of the AMPA receptor is dsRAD/DRADA or a related enzyme. This enzyme has a catalytic motif similar to cytidine deaminase and to the apoB mRNA editing enzyme, not to adenosine deaminase (see Figure 1) . Given the differences in tertiary structure between adenosine and cytidine deaminase, these similarities are likely to be conserved features not the product of convergent evolution. Despite this relatedness, these two distinct forms of RNA editing appear to be recently derived convergent traits that have both used a conserved catalytic motif found in the cytidine deaminases that act on monomeric substrate. Evolution has engrafted on this motif the different substrate specificities and RNA binding characteristics of these two forms of editing.
Substitution RNA editing is not apparently an ancient or even a single process. It is a series of derived traits, at the earliest found in bacteria, and far removed from the ancient RNA world. Consideration of apoB and AMPA receptor RNA editing provides strong support for the hypothesis of Covello and Gray (1993) that the coincidence of RNA binding with a catalytic activity was a necessary first step in the origin of RNA editing. Fixation of this early editing by natural selection, followed by its spread to new editing sites created by mutation, and conservation of these sites, possibly because their loss would prove lethal, provide a route for the evolution of editing. In the high complexity nuclear genome, the spread of editing has presumably been limited and discreet to protect against deleterious change. In the small genome of plant organelles, the evolutionary constraints have been more plastic and spread more promiscuous. Mitochondria and chloroplasts appear to be healthier places to experiment than the nucleus.
